Heavy dust storms that occurred between 13 and 23 March 2014 were selected for analysis as a case study of dust and sand storm events by the Tripartite Environment Ministers Meeting. During this period, two dust and anthropogenic aerosol events were observed and analyzed. The GEOS-Chem chemical transport model, which includes dust-acid uptake processes, successfully reproduced the aerosol variations and explained the Asian-scale dust-pollutant transport processes. Our results confirmed the importance of coarse-mode dust-nitrate as evidence of 'polluted dust' pollution. The model analysis showed that the formation of dust-nitrate occurred over the Yellow Sea and East China Sea before arriving in Japan. We showed that more than 40% of nitrate exists in dust-nitrate when air mass arrived in Japan.
Introduction
Heavy anthropogenic pollution and natural mineral dust events cause significant environmental problems in East Asia (e.g., Huang et al. 2014; Zhang et al. 2003) . The dust source regions in Asia are located upwind of major anthropogenic pollutant emission regions. Therefore, during transport from dust source region to Japan, dust is easily mixed with air pollutants, and reacts heterogeneously producing dust-sulfate and dust-nitrate. These aerosols mainly exist in the coarse mode (e.g., Song and Carmichael 2001) . Such a mixture of dust and pollution is referred to as 'polluted dust' (Mori et al. 2003) , and causes significant health problems (e.g., Kanatani et al. 2010) . Because NOx emissions in East Asia have rapidly increased over the last decade, our understanding of the formation of 'polluted dust' has become increasingly important. The continuous measurement of the coarse-mode aerosol composition is therefore important, but has not been sufficiently reported in the literature.
A heavy dust storm occurred between 13 and 23 March 2014 and was selected as a case study of a dust and sand storm event by working group-1 of the Tripartite Environment Ministers Meeting (TEMM). During this period, two dust events were observed in Seoul and Fukuoka, Japan. In both cases, we observed high concentrations of dust and anthropogenic aerosols. In this study, we analyzed 1-h interval dust and anthropogenic aerosol (both fineand coarse-mode) observation results and numerically simulated the Asian-scale transport process during the case study period.
Data and study method

Observation data
Mass concentrations of particulate matter (PM), sulfate and nitrate in both the fine (Dp < 2.5 μm) and coarse mode (2.5 μm < Dp < 10 μm) were measured using a continuous dichotomous aerosol chemical speciation analyzer (ACSA-12, Kimoto Electric Co., Ltd) at 1-h time intervals on the rooftop (4 th floor) of the Fukuoka Institute of Health and Environmental Science (longitude: 130.5°E, latitude: 33.5°N). The details of the ACSA-12 instrument have been published elsewhere (Kimoto et al. 2013) . In addition to the ACSA-12 measurement, fine-mode aerosols (sampled by FRM-2025i, ThermoScietific) were also collected with a polytetrafluoroethylene filter (FP) at Fukuoka, with a sampling interval of 6-h. The samples were analyzed by ion chromatography (IC) to determine the concentration of NO 3 − , SO 4 2− , NH 4 + , water soluble Ca 2+ and Na + (FP/IC). From the ground-based PM 2.5 and PM 10 observations shared in TEMM, hourly PM 2.5 and PM 10 concentrations (using beta-ray absorption method) measured in Seoul, Korea were used for the validation of model results.
Asian Dust and aerosol lidar observation Networks (AD-Net) (Sugimoto et al. 2008 ) measure both anthropogenic and natural aerosols continuously. This network provides vertical profiles of aerosol backscattering at 532/1064 nm and the depolarization ratio at 532 nm with high spatial and temporal resolution. The automated AD-Net lidar retrieval data for the total aerosol extinction coefficient (Shimizu et al. 2010) at Fukuoka and Seoul were compared to the modeled aerosol variations.
The atmospheric aerosol particles (0.5 μm < Dp < 10 μm) were measured using a polarization optical particle counter (POPC) (YGK Corp., Yamanashi, Japan) at the Kyushu University, Fukuoka, Japan. The POPC uses a 780-nm linearly polarized laser. The size of particles is determined from the forward scattering intensity; two polarized compounds (s-polarized/p-polarized: polarization direction perpendicular and/or parallel to the plane of the scattering angle, respectively) are measured simultaneously from the backward scattering. The depolarization ratio (DR, the fraction of s-polarized to the total backward scattering, S/(S+P)) is a good indicator of particle sphericity. The overall measurement uncertainty for the number density of super micron particles was less than 15%. Details of the POPC have been reported by Kobayashi et al. (2014) .
Chemical transport model analysis
We used the GEOS-Chem 3-D chemical transport model (version 09-02) (Bey et al. 2001; Park et al. 2004) Kurokawa et al. (2013) . The global simulation started from the January 2013 to March 2014, and Asian simulation using global concentrations started from January 2014. The other basic settings were the same as in Uno et al. (2013 Uno et al. ( , 2016 .
Results and discussion
Horizontal distribution and PM 2.5 and PM 10 variation
Surface Synoptic Observations (SYNOP) reported two dust events in inner-Mongolia in China and Mongolia between 11 and 17 March 2014. Figure 1 shows the daily change in the horizontal distribution of dust and SO 4 2− from March 12 to 19. The symbol $ indicates that a dust phenomenon was observed at the SYNOP site. Figure 2 shows the (a) Time-height (TH) plot of the lidar total which was limited by dust alkalinity, and the uptake of gas-phase H 2 SO 4 , which was limited by competition with other aerosol surfaces (Fairlie et al. 2010) were used. In this version, dust-nitrate (typically as Ca(NO 3 ) 2 ) was simulated for each dust bin separately based on the heterogeneous reaction between dust and nitric acid gas, as follows:
The reactive uptake constant is a function of RH, dust diameter, and HNO 3 gas concentration (Fairlie et al. 2010) . A similar heterogeneous reaction with sea salt was also used. Supplement-1 shows detailed formulation. Hereafter we denoted 'regular' nitrate (i.e., NH 4 NO 3 ) as A-NO 3 − and dust-nitrate as D-NO 3 − , and sum of them simply as NO 3 − . Dust in GEOS-Chem is distributed in four size bins (radii 0.1−1.0, 1.0−1.8, 1.8−3.0, and 3.0−6.0 μm). Sea salt is distributed in two size bins (dry radii 0.01−0.5 and 0.5−8 µm). An assimilated dust emission factor and several modifications to the dust emission fraction within dust-bins, and the change of wet scavenging efficiency proposed by Yumimoto et al. (2017) were used in this study. In the analysis of the PM concentration, PM 2.5 and PM 10 were calculated by the summation of the individual aerosol and dust components of the model.
The model uses the assimilated meteorological fields from the Goddard Earth Observing System 5 (GEOS5) of the United extinction coefficient profile at Fukuoka, (b) the time variation of PM 2.5 by ACSA-12, GEOS-Chem and lidar total extinction coefficient (averaged between 400−700 m), (c) PM 10 by ACSA-12, GEOS-Chem, and the POPC particle volume concentration in the 0.5−6.0-µm size range. Figure 3 shows the same information as Figs. 2b and 2c, but for Seoul.
We observed two dust episodes in Fukuoka and Seoul. We labeled the two episodes A1 and A2 as shown in the figures. The location of the daily position of each dust cloud is shown in Fig.  1 (as A1 and A2 ). The first dust episode A1 (emitted on 10−11 March from the southern part of Mongolia and Inner Mongolia of China) moved slowly and was trapped within a high pressure system. The time variation of the dust concentration in Seoul and Fukuoka shows a similar wide bell-shape, with a peak of PM 10 = 100 µg m −3 between 16 and 17 March. The line in Fig. 1c shows the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model back-trajectory starting from Fukuoka (at a 1000-m height) when the dust concentration was at a maximum. The Fukuoka area was located within the warm sector of a low-pressure system from 17 to 18 March; a rapid reduction in the dust concentration was observed due to a clean maritime air mass that penetrated from the Pacific Ocean.
In contrast, the A2 dust episode (emitted on 16−17 March from central Mongolia and inner Mongolia of China due to a strong outbreak of cold air) resulted in a sharp increase in the dust concentration (typically in Seoul), which was related to the quick onset of a dust cloud behind a typical cold front (Fig. 1) . The peak concentration of A2 in Seoul was higher than that of Fukuoka because Seoul was located near the main dust body (A2 dust in Fukuoka was already horizontally stretched with the cold front). The line in Figs. 1d , 1e, and 1f shows the HYSPLIT backtrajectory starting from Fukuoka (at 1000-and 2000-m heights) when the dust was at a maximum. The lower air mass originated from central China (whereas the SO 4 2− was present at a high concentration ahead of the dust cloud, as shown in the pink shade), while the upper air mass was directly transported from the dust source region.
We found that the modeled PM 10 showed good agreement with observations both in Fukuoka and Seoul. This shows that dust and pollution were mixed over China in A1 case, whereas in A2 case, pollutants were mainly mixed with dust over the Ocean after departing from China land. The PM 2.5 variation in Fukuoka had two peaks, which the model reproduced quite well (although it was slightly underestimated). The lidar TH plot showed that the dust layer in the A1 period was aloft (center height was around 400−800 m), and the dust in the A2 period was well mixed vertically, so the agreement of ACSA-12 PM 2.5 and lidar was better for the A2 case. For PM 2.5 in Seoul, we found more than three peaks and the time variation of the observed PM 2.5 and lidar extinction showed good agreement, whereas the modeled PM 2.5 missed a couple of peaks; this indicates that the contribution from Seoul local emissions cannot be simulated completely well with the model. Figure 4 shows the aerosol chemical composition at Fukuoka. The FP/IC and ACSA-12 SO 4 2− levels were in good agreement and there were two peaks in each dust period of A1 and A2 (Fig. 4a) . The maximum concentration in A2 was about 20 µg m −3
Aerosol compositions in Fukuoka
. GEOSChem SO 4 2− levels were in good agreement with observations for the A2 period, but the model underestimated the A1 period. As shown in Fig. 1c and 1d , the footprint of air mass trajectories were different for the A1 and A2 cases. The model underestimation for A1 may be due to the underestimation of anthropogenic emission, the accuracy of meteorological parameters, and/or a possible missing/unknown chemical mechanism. NO 3 − levels indicated by GEOS Chem (red straight line) were well reproduced in A2, but were overestimated in A1. The contribution of fine D-NO 3 − was smaller than the fine A-NO 3 − , except for the peak on 19 March. Figure 4c shows the coarse NO 3 − by ACSA-12, fine Na + and Ca 2+ by FP/IC analysis; GEOS-Chem coarse D-NO 3 − and sea-salt NO 3 − are also shown. The model calculated total coarse NO 3 − was similar during the A1 and A2 periods, but was slightly underestimated in the later part of the A2 period (this may be derived from an underestimation of the coarse dust concentration). During the A2 period, the Ca 2+ concentration was high, which indicates that Ca(NO 3 ) 2 was a major fraction of the NO 3 − , and the modeled sea-salt NO 3 − fraction was lower than the D-NO 3
−
. Mass concentration of fine and coarse NO 3 − was in the same order of around 4−6 µg m −3 during the A1 and A2 periods. The formation of D-NO 3 − is triggered by the uptake of HNO 3 gas during dust transport, which indicates that the coarse D-NO 3 − is important for the prediction of fine NO 3 − (for PM 2.5 too) and mass budget studies, including deposition to the ground surface.
Particle volume concentration as a function of particle diameter and DR (DR-Dp-Volume plot) during the A1 and A2 periods is of interest. Figure 5 shows a snapshot during each dust period when the dust concentration peaked. The numbers in the figure show the 12-h averaged concentration from ACSA-12 and the FP/ IC analysis. The DR-Dp-Volume plot is divided into four sections according to Pan et al. (2016) . A DR below 0.1 can be considered to be a spherical particle. Regions II, III, and IV can be considered to be anthropogenic aerosol particles, sea salt, and mineral dust, respectively. During the A2 period, region IV had the highest concentration due to dust onset. A small peak in the sea salt particle diameter was observed between 2−3 µm (Region III). This shows that the anthropogenic aerosol was also higher than during the A1 period (which had a good correspondence with the ACSA concentration). The POPC shown in Fig. 5 well supports ACSA-12 and FP/IC observations and GEOS-Chem model results.
Concentration changes along the air mass trajectories
Concentration changes during dust transport are important. During transport in period A1 (Fig. 6 ), the trajectory indicated that the air mass foot prints were similar at three levels. The lower level air mass passed over Fukuoka -East China Sea -ShanghaiJiangsu Province -the western edge of the North China PlainInner Mongolia (transport time from the Chinese coast to Fukuoka was about 30 h), and appears to have been influenced by the large levels of air pollution over the central-north China regions. Fine A-NO 3 − concentrations peaked when the air mass left the Chinese mainland. After leaving the Chinese mainland toward the East China Sea, the NH 3 supply stopped and the thermal decomposition of NH 4 NO 3 provided additional HNO 3 gas that was available for uptake by dust, which was indicated by the increased concentration of D-NO 3 − . Over the ocean, the RH was higher and the HNO 3 concentration increased; therefore D-NO 3 − formation continued (increasing ~4 µg/m 3 /day), even with a rapid reduction in dust concentration. When the air mass arrived in Fukuoka, the D-NO 3 − concentration corresponded to 60% of the fine A-NO 3 − . This is important for mass budget studies of atmospheric nitrate.
Transport in period A2 was complicated. Due to the vertical wind shear, the lower and upper transport paths were different. The lower air mass path was Fukuoka -East China Sea -Qingdao/ Shandong Province -Anhui Province -Janxi Province (the trans port time from the Chinese coast to Fukuoka was about 24 h), and the air mass was strongly influenced by the large area of pollutant emissions in China. The upper air mass contained the pure dust. When the air mass trajectory passed over the daytime land area, dust aloft was entrained by convective mixing into the lower atmosphere (the decrease in RH indicates the location of dust entrainment), where it was mixed with anthropogenic pollutants. The first mixing took place over the Shandong PeninsulaEast China Sea, which was where D-NO 3 − formation started. The second mixing and formation of D-NO 3 − occurred over southern Korea. The fine A-NO 3 − level over the ocean was lower than in the A1 period. The dust concentration rose and fell rapidly; therefore, the formation of D-NO 3 − also followed the same pattern before it reached Kyushu. However, the total D-NO 3 − level at Kyushu was higher than in period A1 (about 80% higher), because the RH and dust concentration were higher than during period A1.
Conclusions
Heavy dust storms occurred between March 13 and 23, 2014 were analyzed by dust and anthropogenic aerosol measurement at 1-h intervals in Fukuoka and numerically simulated the Asianscale transport process. The conclusions of our study are summarized below. 1) Dust in the first period (A1) was transported without a cold front and was well mixed with anthropogenic pollutants. The numerical analysis explained this dust and pollution phenomena. 2) Dust in the second period (A2) was generated by a typical coldfront outbreak, and Chinese anthropogenic pollutants were transported within the warm sector of a low-pressure system ahead of the dust, while the dust was transported aloft behind a cold front. Air mass trajectories were different for the lower and upper layers. Dust was entrained into the lower layer and intermittently mixed with pollutants during transport to Korea and Japan. 3) In both cases, we observed an increase of coarse-mode nitrate with dust. The numerical model, including the heterogeneous dust acid uptake processes, explained this increase. We showed that the formation of dust-nitrate started over the Yellow Sea and East China Sea when the RH increased, and extra HNO 3 was supplied from the decomposition of NH 4 NO 3 . We showed that more than 40% of nitrate exists in dust-nitrate when air mass arrived in Japan. 
